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Luminescent hybrid materials based on covalent
attachment of Eu(III)-tris(bipyridinedicarboxylate)
in the mesoporous silica host MCM-41†
Maturi Ilibi,a Thiago Branquinho de Queiroz,b Jinjun Ren,a Luisa De Cola,‡c
Andrea Simone Stucchi de Camargo*b and Hellmut Eckert*a,b
A luminescent inorganic–organic hybrid material was synthesized by covalent immobilization of a euro-
pium bipyridine carboxylate complex on the inner pore walls of the mesoporous silica host MCM-41
using the grafting method. Guest–host binding was achieved through double functionalization of the host
surface with organosilane reagents (trimethylsilyl, TMS, and aminopropyltriethoxysilane, APTES) followed
by reaction of the active amino sites of the APTES residue with the ligand 2,2’-bipyridyl-6,6’-dicarboxylic
acid. Addition of EuCl3 solution dissolved in ethanol results in the formation of an immobilized complex
having the probable formula Eu(L)x(3 ≥ x ≥ 1)(H2O)y, whose detailed photophysical properties were
investigated. In the ﬁnal step, an additional 2,2’-bipyridine-6 monocarboxylic acid ligand was added in an
attempt to complete the coordination sphere of the rare earth ion. Each of the synthesis steps was moni-
tored by 1H, 13C, and 29Si solid state NMR spectroscopies, allowing for a quantitative assessment of the
progress of the reaction and the inﬂuence of the paramagnetic species on the spectra. Based on these
data and additional characterizations by chemical analysis, thermogravimetric analysis (TGA), N2 sorption,
X-ray diﬀraction and FT-IR spectroscopy, a comprehensive quantitative picture of the covalent binding
and complexation process was developed.
Introduction
Luminescent lanthanide complexes and the hybrid materials
derived by their incorporation into inorganic hosts show
promise for their manifold technological and biological
applications.1–8 For the application of chemical and biological
sensing in physiological fluids, Eu3+ complexes are particularly
well-suited, because the wavelengths, intensities, and excited-
state lifetimes associated with the 5D0→
7FJ transitions are
rather sensitive to the chemical environment.9 For example,
pH sensitive fluorescent sensors have been designed based on
Eu(III) complexes with pH-sensitive ligands for cellular fluo-
rescence imaging experiments.10 Among the most interesting
complexes emitting in the visible region, Eu3+-bipyridine com-
plexes have been widely studied due to their high emission
quantum yields. For designing a suitable optical material,
these complexes must be introduced as guest species into
solid host matrices having appropriate physical and chemical
properties for the specific application required. One particu-
larly common approach in this regard is their incorporation
into porous inorganic host materials such as zeolites, clays,
mesoporous silica, or amorphous sol–gel derived systems.1–5
In general, the goal is to immobilize the complexes in a highly
dispersed state, where intermolecular interactions, which
might compromise the optical properties, are minimized.
Furthermore, particularly for applications in optical imaging
and sensing, it is highly desirable that materials which are
stable towards leaching upon exposure to liquid media are pro-
duced. Approaches used for the incorporation of Eu complexes
into silica- or silicate-based host matrices are (1) wet impreg-
nation of the porous solid with a solution containing the
complex,11 (2) the templated synthesis of the solid material in
the presence of the chromophore,12 and (3), in the case of cat-
ionic or anionic complexes, ion exchange reactions with polya-
nionic or polycationic materials such as zeolites or clays.13 A
fourth approach, which is pursued mainly when leaching pro-
blems have to be excluded, uses the strategy of covalent
binding. The internal pore surface is functionalized with at
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least one of the ligands and subsequently the compound is
synthesized inside the pores in a step-wise reaction (“ship in
the bottle approach”). This complex formation can be achieved
by designing a suitable amorphous or periodic mesoporous
organosilica (PMO) containing the ligand for metal complexa-
tion already attached to the framework,14 or by the grafting
method, in which surface hydroxyl species of the solid meso-
porous silica are functionalized for covalent binding.15 In this
work we use the latter approach for the covalent immobiliz-
ation of a new Eu(III)-(bipyridinecarboxylate) complex in meso-
porous silica (MCM-41). The synthetic procedure is described
and a detailed characterization of the resulting hybrid material
with regard to its structural and photophysical properties is
given. Results are compared with those obtained on two model
complexes in solution, in the organic solid state, and in an
MCM-41 nanocomposite obtained via the wet impregnation
method.
Scheme 1 summarizes the synthetic strategy used. The first
surface functionalization step involves the reaction of the
SiOH groups with aminopropyltriethoxysilane (APTES), result-
ing in 2, which introduces a reactive amino group that can be
further derivatized. In the second step, residual siloxyl groups
are removed by trimethylsilylation using hexamethyldisilazane
(HMDSA), leading to the species 3. Subsequently, the ligand,
2,2′-bipyridyl-6,6′-dicarboxylic acid (L2), is added, which is acti-
vated by the N-hydroxysuccinimide–ethylcarbodiimide hydro-
chloride (NHS–EDCl) coupling reaction.16 In the present study,
an excess of activating agent relative to the amount of sub-
strate is chosen, resulting in a statistical distribution of mono-
activated and di-activated L2. This solution is then used to
graft the bipyridine ligand to the terminal primary amine func-
tion of the APTES-modified silica surface, resulting in the
amide 4. Addition of an ethanolic EuCl3 solution aﬀords the
formation of a covalently attached Eu-bipyridylcarboxylate
complex (5). In the final step, an additional 2,2′-bipyridine-6-
monocarboxylic acid (L1) is added in an attempt to complete
the Eu coordination sphere. Each of the synthesis steps is fol-
lowed by a thorough washing and Soxhlet extraction cycle to
ensure that all the free molecular species (excess reagents and
reaction byproducts) are removed, leaving behind only
material that is truly covalently bound. The various reaction
steps are monitored by FTIR and 29Si and 13C solid state NMR
spectroscopies. It is worth mentioning that the latter method
has not been applied often for following the construction of
such optical inorganic–organic hybrid materials. Therefore,
besides the objective to prepare a new optical material, one of
the goals of the present study is to explore the potential of
solid state NMR methods to yield quantitative structural infor-
mation at the various stages of the synthesis, thus assisting in
the optimization of the reaction conditions.
Experimental
Materials
MCM-41(1, Aldrich), hexamethyldisilazane (HMDSA) (ACRŌS
ORGANICS; ≥98%), 1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimidehydrochloride (EDCl) (ABCR; ≥98%), N-hydroxysuccin-
Scheme 1 Reaction sequence for immobilizing a Eu-bipyridine dicarboxylic acid complex in MCM-41.
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imide (NHS) (ABCR; ≥98%) and 3-aminopropyltriethoxysilane
(APTES) (ACRŌS ORGANICS; ≥99%) were used as received.
Cyclohexane, absolute ethanol, triethylamine (Et3N), dimethyl-
formamide (DMF) and toluene were dried and stored with
molecular sieve under argon. EuCl3 (SIGMA-ALDRICH; ≥99%)
was stored and handled in an argon glove box. The ligands
2,2′-bipyridine-6,6′-dicarboxylic acid-(L2) (98.5% yield) and 2,2′-
bipyridine-6-monocarboxylic acid (L1) (25.2% yield) were pre-
pared using previously reported procedures.17,18
Aminopropyl functionalization: MCM-41-APTES (sample 2)
3.0 g of 1 placed in a two-neck-round-bottom flask was dried at
130 °C for 1.5 h under argon flow and 2 h under vacuum. The
solid was then mixed with 50 mL of toluene and 5 mL of
APTES (1.08 × 10−2 mol) under argon flow. The mixture was
stirred at room temperature for 1 h and then refluxed for 17 h
at 111 °C. The resulting product was washed with toluene
(three times, 20 mL), technical ethanol (three times, 20 mL)
and acetone (two times, 20 mL). The obtained product was
dried overnight at 80 °C.
Trimethylsilylated MCM-41-APTES (sample 3)
To remove residual SiOH groups from the framework, the
aminopropyl functionalization was followed by a trimethylsily-
lation step. 2.5 g of 2 was placed in a two-neck-round-bottom
flask and dried at 130 °C for 1 h under argon flow and then
under vacuum for 3 h. After cooling down to room tempera-
ture, cyclohexane (100 mL) and hexamethyldisilazane
(HMDSA) (20 mL; 9.4 × 10−2 mol) were added, and the slurry
was stirred at room temperature for 1 h and refluxed for 17 h
at 80 °C. The mixture was then filtered, washed with cyclo-
hexane (three times, 35 mL), technical ethanol (three times,
35 mL), and acetone (25 mL), and dried overnight at 80 °C.
Residual reagents were removed by Soxhlet extraction with
ethanol (100 mL) for 5 h at 90 °C. The material was dried over-
night at 80 °C.
Reaction of grafted amine with bipyridyl dicarboxyl acid:
MCM-APTES-TMS-L2 (sample 4)
The bipyridine dicarboxylate ligand was attached to the amino-
propyl residue via the formation of an amide bond. This reac-
tion requires activation of the carboxyl group, which was
accomplished by using the well-known NHS–EDCl coupling
reaction16 (see Fig. S1†). 2.3 g of 3 was placed in a two-neck-
round-bottom flask and dried at 130 °C for 1 h under argon
flow and then under vacuum for 3 h. After cooling down to
room temperature, 20 mL of dry dimethyl formamide (DMF)
were added with gentle stirring. 0.66 g (2.7 mmol) of L2 were
placed in a two-neck-round-bottom flask and dissolved in
30 mL of dried DMF. Once the ligand was completely dis-
solved, 1.84 g of NHS (16 mmol) was first added and after
15 min 0.77 g of EDCl (4 mmol) was then added to the ligand
solution. After stirring this mixture for 2 h at 45 °C, it was
added to the DMF suspension of 3, and the reaction was
allowed to proceed under continuous stirring at room tempera-
ture for 2 days. All steps were carried out under a continuous
flow of dry nitrogen. The resulting product was filtered and
washed with DMF (four times, 30 mL), water (four times,
30 mL) and acetone (two times, 30 mL). In order to completely
remove the DMF, the previously washed product was stirred in
deionised water overnight. The obtained product was filtered
and washed with water and finally with acetone (two times,
30 mL). Yield: 2.8 g. Residual reagents, reaction products and
unreacted ligands were removed in a final Soxhlet extraction
step using DMF (100 mL) for 5 h at 180 °C. After removing
completely the DMF, the material was dried overnight at
120 °C.
Complexation of the grafted ligand with EuCl3 (sample 5)
300 mg of 4 were suspended in 15 mL of absolute ethanol
(Riedel-de Haën; ≥99%). To this suspension, 20 mg of EuCl3
(0.08 mmol) dissolved in 10 mL of absolute ethanol was added
followed by 0.034 mL Et3N (0.24 mmol). The mixture was
stirred under reflux (78 °C) and inert atmosphere (N2) for 48 h.
The resulting product was filtered, washed with ethanol (three
times, 20 mL) and finally vacuum dried in a desiccator for one
day. Yield: 280 mg of oﬀ-white powder. The filtered material
was washed in ethanol (three times, 20 mL) and purified using
Soxhlet extraction with ethanol (50 mL) for 5 h at 90 °C.
Attempted completion of the Eu coordination sphere
(sample 6)
200 mg of 5 were suspended in 15 mL of absolute methanol
(Riedel-de Haën; ≥99%). To this suspension 28 mg of L1
(0.14 mmol) dissolved in 10 mL of absolute methanol were
added, together with 0.02 mL Et3N (0.14 mmol). The mixture
was stirred under reflux (78 °C) and inert atmosphere (N2) for
48 h. The resulting product was filtered and vacuum dried
(using a desiccator) for one day. For all measurements the
product was dried at 120 °C in order to remove all solvents.
The filtered material was purified using Soxhlet extraction with
methanol (50 mL) for 5 h at 75 °C.
Control sample: MCM-41 wet impregnated with the Eu(L1)3
complex (sample 8)
As impregnation of MCM-41 with a solution of the Eu(L1)3
complex proved unsuccessful (presumably owing to the large
size of the complex), the preparation of a control sample con-
taining this complex within the internal pores of MCM-41 was
attempted in a step-wise fashion by impregnating the host
with EuCl3, followed by subsequent addition of the ligand.
500 mg of 1 were suspended in 10 mL of absolute ethanol
(Riedel-de Haën; ≥99%). To this suspension 35 mg of EuCl3
(0.136 mmol) dissolved in 20 mL of absolute ethanol was
added followed by 0.057 mL Et3N (0.41 mmol). The mixture
was stirred under reflux (78 °C) and inert atmosphere (N2) for
48 h. The filtered material was washed with ethanol (three
times, 25 mL). The resulting product was filtered and dried
overnight at 80 °C yielding sample 7. 300 mg of 7 were sus-
pended in 10 mL of absolute methanol (Riedel-de Haën;
≥99%). To this suspension 80 mg of L1 (0.40 mmol) dissolved
in 25 mL of absolute methanol were added, together with
Paper Dalton Transactions
8320 | Dalton Trans., 2014, 43, 8318–8330 This journal is © The Royal Society of Chemistry 2014
Pu
bl
ish
ed
 o
n 
20
 M
ar
ch
 2
01
4.
 D
ow
nl
oa
de
d 
by
 U
N
IV
ER
SI
D
A
D
 S
A
O
 P
A
U
LO
 o
n 
16
/0
5/
20
14
 1
3:
17
:4
4.
 
View Article Online
0.057 mL Et3N (0.41 mmol). The mixture was stirred under
reflux (78 °C) and inert atmosphere (N2) for 48 h. The resulting
product was filtered and vacuum dried (using a desiccator) for
one day, resulting in 8. For all measurements the product was
dried at 120 °C in order to remove all solvents. For further
leaching tests the filtered material was purified using Soxhlet
extraction with methanol (50 mL) for 5 h at 75 °C.
Model complex Eu(L1)3
This complex was prepared using the general procedure pre-
viously described.19 52 mg of EuCl3 (0.2 mmol) and 120 mg
(0.6 mmol) of L1 were dissolved in 20 mL of absolute metha-
nol. 0.083 mL of Et3N was added to the mixture, which was
then refluxed (60 °C) under inert atmosphere (N2) overnight,
filtered and concentrated to 5 mL. The resulting white crystal-
line precipitate was filtered, and vacuum dried (using a desic-
cator) for one day. Yield: 77%. MS (MALDI-TOF, matrix DCTB):
Calcd: 750.5 ([Eu(L1)3]
−). Found: 751. Anal. calcd for
C33H21EuN6O6: C, 52.88; N, 11.20; H, 2.82. Found: C, 51.75; N,
10.48; H, 3.42. The discrepancy can be attributed to residual
adsorbed water. The molecular structure of the complex is
given in Fig. 1(a).
Model complex (Et3NH)[Eu(L2)2]
129.2 mg of EuCl3 (0.5 mmol) and 244.2 mg of L2 (1 mmol)
were dissolved in 20 mL of absolute ethanol. 0.30 mL of Et3N
was added to the mixture and refluxed (78 °C) under inert
atmosphere (argon) overnight. The resulting precipitate was fil-
tered at room temperature and vacuum dried (using a desicca-
tor) for one day. Yield: 85%. MS (MALDI-TOF, matrix DHB):
calcd: 636.4 ([Eu(L2)]
−). Found: 637. Anal. calcd for
C30H28EuN5O8: C, 48.79; N, 9.48; H, 3.82. Found: C, 47.97; N,
9.30; H, 3.91. The discrepancy can be attributed to residual
adsorbed water. The crystal structure of this material has been
described and the molecular structure is given in Fig. 1(b).20
Analytical characterization
All the samples were characterized by C, H, N analysis. In
addition, Eu contents were determined via total reflection
X-ray fluorescence analysis (TXRF) using a S2-PICOFOX instru-
ment (Bruker AXS, Berlin, Germany) with an air-cooled molyb-
denum anode for X-ray generation. The excitation settings
were 50 kV and 750 mA and quartz glass disks were used as
sample carriers. The solid samples were weighed into a vial
and suspended with 0.5 mL of the 10 mg L−1 gallium standard
solution and 0.5 mL of 1% Triton X-100 solution (Sigma-
Aldrich, Steinheim, Germany) to obtain a stabilized suspen-
sion. Aliquots (5 µL) of the samples were placed on the sample
carriers and evaporated to dryness. The analysis was per-
formed by signal integration over 1000 seconds. For quantifi-
cation, the peak areas of europium (Kα1 = 5.849 keV) and
gallium (Kα1 = 9.251 keV) were used. Data evaluation was per-
formed by the Bruker Spectra software (version 6.1.5.0) and
based on the known concentration of the internal gallium
standard.
Nitrogen sorption isotherms at 77 K were measured on a
Micromeritics ASAP 2010 system on previously dehydrated
samples (24 h, 393 K, under vacuum ≤6 μmHg). Sorption iso-
therms were analyzed using the Brunauer–Emmett–Teller
(BET) equation over the pressure range of 0 ≤ P/P0 ≤ 0.2 and
pore size distributions were analyzed by the Barrett–Joyner–
Halenda (BJH) method, based on a cylindrical pore model.
Results are summarized in the ESI (Fig. S2, S3, Table S4†). The
data reveal the expected decreases in surface area and mean
pore radius upon surface functionalization and ligand
binding. Small angle X-ray scattering, using a STOE STADI P
reflection diﬀractometer in Bragg–Brentano geometry (2-theta
steps of 0.05°) and transmission electron microscopy on
samples 1 and 6 confirmed that the mesoporous host structure
remained unaltered by the surface functionalization and com-
plexation procedures (see ESI, Fig. S7 and S8†).
Solid state NMR
29Si{1H} and 13C{1H} cross polarization experiments were con-
ducted using a Bruker Avance III 300 MHz spectrometer oper-
ating at the resonance frequency of 59.6 (29Si), 75.4 (13C) and
300.0 MHz (1H), under conditions of magic angle spinning at
6.0 kHz. The 1H-π/2 pulse length was 4.4 µs and contact times
of 5.0 and 3.0 ms were used for the 29Si and 13C CPMAS experi-
ments, respectively, and the relaxation delay was 5 s. Chemical
shifts are reported relative to TMS using tetrakis(trimethylsilyl)-
silane (TTMS, dominant peak at −9.8 ppm) and adamantane
(methine resonance at 38.5 ppm) as secondary referencing
standards. For quantification purposes 29Si single-pulse NMR
Fig. 1 Molecular structures of the two model complexes: (a) Eu(L1)3 and (b) Et3NH[Eu(L2)2].
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spectra were recorded using 90° pulses of 7 µs length and
a relaxation delay of 60 s. To probe the eﬀect of the
paramagnetic Eu3+ ions on the 29Si nuclei associated with the
modified MCM internal surfaces, spin–lattice relaxation time
measurements were carried out using the saturation recovery
sequence.
Photophysical characterization
Absorption spectra were recorded in the 250–450 nm range on
a UV/Vis Jasco V-670 spectrometer using 10 mm optical path
length quartz cuvettes (Hellma). All samples were dissolved in
DMSO (uvasol) to a concentration of 10−5 M. The measure-
ments were carried out at room temperature and in oxygen
equilibrated solutions. Luminescence measurements were con-
ducted in a SPEX Fluorolog 3 spectrophotometer (JOBIN-YVON
Inc.) equipped with a photomultiplier detector and a 450 W
xenon lamp as the excitation source. Emission and excitation
spectra were corrected by the spectral response of the detector
and the monochromators, and by the spectral intensity distri-
bution of the lamp. The spectra of 10−5 M solutions of the
Eu(III) complex in DMSO, as well as of the loaded MCM
samples, were investigated. The emission spectra were
recorded by exciting the solid samples at 320 nm, and the exci-
tation spectra were recorded by monitoring the emission at
612 nm. The same equipment was used for the excited state
lifetime measurements. In this case, a 450 W xenon flash
lamp (fwhm < 120 ns) emitting at a chosen wavelength was
used as the excitation source and the luminescence signals
were acquired in the time correlated single photon counting
(TCSPC) mode, using a TBX-4X photodetector.
Results and discussion
Surface functionalization and ligand attachment
The surface of MCM-41 was functionalized by first grafting
aminopropylsilyloxyl groups using aminopropyltriethoxysilane
(APTES) and, subsequently, trimethylsilyloxyl groups using
hexamethyldisilazane (HMDSA). This double functionalization
approach serves the purpose of minimizing the residual OH
groups following the APTES silylation step, in order to sup-
press vibrational coupling (that results in quenching) of the
photoluminescence process. Under the conditions reported,
about half of the surface hydroxyl groups are replaced by
aminopropylsilyloxyl groups and half of them are trimethylsily-
lated (see Tables 1 and S5†). Owing to the reactivity diﬀerence
between HMDSA and aminopropyltrioxysilane, it is important
to use the latter reagent first. Despite the expected shrinkage
of pore volume and diameter as well as the overall reduction in
surface area upon surface functionalization and ligand
binding (see Fig. S2, S3 and Table S4†), the material maintains
its basic mesoporous character.
Fig. 2 shows the 29Si NMR spectra of MCM-41 in the solid
state prior to and following the functionalization steps. In the
starting material, the resonances at −101 and −110 ppm
signify the Q(3) and the Q(4) units. Note that after the surface
functionalization the concentration of the Q3 units is greatly
diminished, indicating that the majority of the surface
hydroxyl groups were removed. The peaks at 14 ppm,
−65 ppm, −101 and −110 ppm are assigned to the trimethyl-
silyloxyl groups (M1), the aminopropylsilyloxyl groups (T3) and
the silicate groups from the MCM-41 network having one or
zero terminal OH groups (Q3 and Q4 units), respectively.21
Aside from this, the amide formation or the Eu complexation
or the final ligand addition, followed by the various Soxhlet
extraction steps, does not produce any significant changes in
the 29Si NMR spectra. This indicates that the inorganic matrix
and the reaction centers involving the surface functionali-
zation remain unaﬀected by amide formation and ligand
binding (see Table S5†).
Fig. 3 shows the 13C{1H}CPMAS-NMR spectra of these
samples. Part (a) shows the spectrum of the doubly surface
functionalized sample 3. The peaks at −0.54 ppm, 9.4 ppm,
26.3 ppm, and 44.0 ppm can be conclusively assigned to the
trimethylsilyloxyl and the APTES groups, consistent with
the 29Si MAS NMR spectrum. Part (b) shows the spectrum of
the sample 4 in which the terminal NH2 group of the APTES
moiety has formed the amide with the NHS-activated ligand.
The peaks at 120.8 ppm, 122.8 ppm, 136.1 ppm, 150.5 ppm,
and 154.71 ppm arise from the aromatic C atoms of the
grafted bipyridine-carboxylic acid ligand, whereas the peaks at
165 ppm and 171.6 ppm belong to carboxyl residues (see
detailed assignments in Fig. 4). Specifically, the peak at
165 ppm, which is not present in either of the bipyridine
Table 1 Analytical sample characterization
Material C (%) H (%) N (%) APTESa [mmol g−1] TMSb [mmol g−1] Ligandc [mmol g−1] Eud [mmol g−1]
2 1.50 ± 5% 0.00 0.00 0.00
3 1.23 ± 5% 1.30 ± 5% 0.00 0.00
3, following Soxhlet extraction 8.25 1.80 1.18 0.84 ± 5% 1.14 ± 5% 0.00 0.00
4 — — 0.79 ± 5% 0.00
4, following Soxhlet extraction 14.80 2.12 3.33 — — 0.70 ± 5% 0.00
5 15.50 2.20 3.22 — — 0.70 ± 5% 0.26 ± 5%
5, following Soxhlet extraction 15.26 2.24 3.20 — — 0.70 ± 5% 0.11 ± 5%
6, following washing 15.80 2.13 3.34 — — 0.70 ± 5% 0.10 ± 5%
aDetermined from elemental analysis of N. b From elemental analysis of C. c From elemental analysis of C and N. d From total reflection X-ray
fluorescence (TXRF).
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mono- or dicarboxylic acid ligands, corresponds to the carb-
oxylic carbon atom of the newly formed amide group upon
grafting. Note that the area ratio of the two carboxylic reso-
nances in Fig. 4 deviates from 1 : 1, consistent with the fact
that the NHS-activation reaction produced a mixture of mono-
and di-activated carboxylic acid residues as an excess of
reagent was used. Because of this situation, it has to be
expected that a considerable fraction of the bipyridine ligand
dicarboxylic acid forms two amide linkages to two diﬀerent
APTES anchoring groups. As discussed below this situation
will result in an incomplete Eu coordination and aﬀect the
luminescence spectra and photophysical properties.
Spectroscopic evidence for the formation of the amide
units is also seen in the FTIR spectra. Fig. 5 compares the data
for pure MCM-41 (a) and the bifunctionalized sample prior to
(b) and after (c) covalent ligand attachment. Because of the
strong signal background arising from the MCM host matrix,
bands originating from the organic residues are relatively
weak. Nevertheless, Fig. 5c shows two prominent bands near
1667 cm−1 and 1531 cm−1. These bands are the characteristic
amide I (CvO stretching mode) and amide II (mostly (N–H)-
bending mode), respectively. Decomposition of the inorganic
matrix with HF followed by extraction with ethyl acetate led,
after solvent evaporation, to a solid containing only the
organic residue. As Fig. 5e illustrates, this solid yields a
higher-quality spectrum without a matrix eﬀect, showing again
the characteristic amide I and amide II absorption bands. In
addition, weak bands at 3400 cm−1, 3096 cm−1, and 2941 cm−1
are visible, which can be assigned to the N–H stretching mode
in monosubstituted amide (–CO–NH–), the C–H stretching
modes (from the aromatic ligand, the APTES and trimethylsilyl
residues) as well as the O–H stretching mode of the carboxylic
acid group. Furthermore, the peaks at 1576 cm−1, 750 cm−1,
700 cm−1, and as well at 1438 cm−1 arise from the aromatic
ring and the N–C stretching mode of the APTES group
respectively.
Metal complexation and exposure to an additional ligand
Fig. 6a–c show the 13C NMR spectra of 5 before and after
washing with ethanol and after further addition of ligand L1 in
an attempt to complete the Eu coordination environment. The
severe spectral broadening and signal loss observed in the
spectrum is attributed to the paramagnetic interactions, com-
promising the eﬃciency of the cross-polarization process
Fig. 2 29Si MAS NMR spectra of samples 1, 3, 4 and 5. The nomenclature of the various silicon groups is explained at the top of the ﬁgure.
Dalton Transactions Paper
This journal is © The Royal Society of Chemistry 2014 Dalton Trans., 2014, 43, 8318–8330 | 8323
Pu
bl
ish
ed
 o
n 
20
 M
ar
ch
 2
01
4.
 D
ow
nl
oa
de
d 
by
 U
N
IV
ER
SI
D
A
D
 S
A
O
 P
A
U
LO
 o
n 
16
/0
5/
20
14
 1
3:
17
:4
4.
 
View Article Online
owing to very short 1H spin–lattice relaxation times in the
rotating frame. Still the signals from the APTES and the tri-
methylsilyl groups are observable. Sample 6 shows a similar
spectrum. As no signal could be obtained from the Eu(L1)3
complex itself either in the pure form or inserted into the
pores of MCM-41 (sample 8, see Fig. S6†), we presume that in
samples 5 and 6 we do not observe the 13C resonances of those
ligands that are complexed by Eu3+, but only of those that are
anchored at the surface and/or not coordinated to the metal.
Furthermore, the chemical analysis data summarized in
Table 1 reveal that after thoroughly washing material 5 with
ethanol, a considerable amount of Eu is washed out, indicat-
ing that a large fraction of EuCl3 was only loosely held within
the mesopores and not complexed by the covalently anchored
ligand. Also, from Table 1 it is concluded that addition of
more bipyridine monocarboxylic ligands to 5, in an attempt to
complete the coordination sphere of those Eu ions co-
ordinated to the ligands anchored to mesoporous material,
does not increase the permanent C, H, and N content of the
system (all those ligand molecules that are only loosely bound
are again extracted by the subsequent Soxhlet treatment). Also,
the solid state NMR spectra (data not shown) show no signifi-
cant changes between samples 5 and 6. These results suggest
that the reaction step 5 → 6 may not be occurring completely
under the chosen reaction conditions. Further insights into
Fig. 3 13C{1H} CP-MAS NMR spectra of (a) sample 3, (b) sample 4, (c) of the model compounds 2,2’-bipyridine-6-monocarboxylic acid (L1), and (d)
of the model compound 2, 2’-bipyridine-6,6’-bicarboxylic acid (L2). *: spinning sidebands, +: solvent impurities (ethanol, methanol, DMF).
Fig. 4 Assignment of the 13C CPMAS NMR spectrum of 4. This spec-
trum was measured prior to Soxhlet extraction. *: MAS spinning side-
bands, +: solvent impurities.
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this step can be obtained from the photophysical properties
described further below.
To further probe the influence of the paramagnetic Eu3+
ions upon the various 29Si species present within the modified
internal surfaces, 29Si spin–lattice relaxation times were
measured using the saturation recovery sequence. Fig. 7 shows
the magnetization recovery curves for the four distinct silicon
species identified in samples 4 and 5. While the Eu3+ ions
exert no influence upon the spin–lattice relaxation of the Q(4)
units, which are remote from the pores, the spin–lattice relax-
ation times for the other three silicon species are dramatically
shortened, documenting the expected eﬀective paramagnetic
interactions arising from the spatial proximity of these species
to the paramagnetic complex.
Photophysical properties
The absorption spectra of 10−5 M DMSO solutions of the
Eu(L1)3, Eu(L1)2
+ and Eu(L2)2
− complexes, as well as those of
the corresponding ligands 2,2′-bipyridine-6-monocarboxylic
acid (L1) and 2,2′-bipyridine-6,6′-dicarboxylic acid (L2), are pre-
sented in Fig. 8. The ligands present broad bands at around
288 and 300 nm, respectively, attributed to the π→π* tran-
sitions localized on the bipyridine units and to π→π* tran-
sitions localized on the carboxylate moieties (lower energy side
Fig. 5 FTIR spectra of (a) sample 1, (b) sample 3, (c) sample 4, (d) sample 5, (e) sample 4 after reaction with HF and recovery of the ethyl acetate
extract, and (f ) 2,2’-bipyridine-6,6’-dicarboxylic acid (L2).
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of the band). In comparison to the ligands, the spectra of the
complexes show the band corresponding to π→π* transitions
more structured and shifted to lower energy, evidencing the
metal complexation.14g,15a,20 Also, the molar extinction coeﬃ-
cient, ε, for the ligand centered band for complex Eu(L2)2
−, at
320 nm, is higher than in the case of the Eu(L1)3 and Eu(L1)2
+
complexes, due to the presence of the two carboxylate moi-
eties. The stoichiometry of all the complexes is also mirrored
by the ε values of the diﬀerent species such as, for instance,
the spectrum for Eu(L1)3, which has a ligand centered band
three times more intense than the ligand L1.
The excitation and emission spectra of the solid state com-
plexes Eu(L1)3, Et3NH[Eu(L2)2] and samples 5, 6, 7 and 8 are
presented in Fig. 9. All the emission spectra, acquired with
excitation in the ligand band (320 nm), present the character-
istic sharp lines of Eu3+ in the red spectral region, corres-
ponding to the transitions: 5D0→
7F0 (578 nm),
5D0→
7F1
(590 nm), 5D0→
7F2 (620 nm),
5D0→
7F3 (650 nm) and
5D0→
7F4
(690 nm). Besides, the excitation spectra obtained by monitor-
ing the emission at 618 nm present only the ligand bands
corroborating the eﬃcient ligand-to-metal energy transfer
(antenna eﬀect) needed for poorly absorbing lanthanide ions.
Regarding intensities, it is well known that the 5D0→
7F2 elec-
tric dipole transition is particularly sensitive to small changes
in the chemical surroundings of Eu3+, whereas the 5D0→
7F1
magnetic dipole transition is relatively insensitive to the local
symmetry.22 Thus, the symmetry of the crystal site in which
Eu3+ is located can be inferred from the area ratio γ of the
5D0→
7F2 and
5D0→
7F1 luminescence signals. By deconvoluting
the emission spectral line shapes in Fig. 9 (a–d, and f), γ is
evaluated to be 2.5, 7.0, 8.7, 5.5, and 4.3 for Eu(L1)3, Et3NHEu-
(L2)2, and samples 5, 6, and 8, respectively. The higher values
indicate that Eu3+ occupies lower symmetry sites in the case of
Et3NH[Eu(L2)2] and the MCM-41 materials (samples 5 and 6),
in accordance with the above-discussed NMR results. The
results suggest, consistent with the chemical analysis results,
that the conversion of 5 to 6 remains incomplete. If the reac-
tion step 5 → 6 would have been 100% eﬃcient, and the
coordination of Eu3+ fully completed by L1, the emission spec-
trum of sample 6, and its respective γ, should have resembled
more that of Eu(L1)3. Nevertheless, the diﬀerence between the
spectra of samples 5 and 6 suggests that there is some exten-
sion of Eu3+ ligand coordination upon addition of L1. Further-
more, the larger widths of the spectral lines of samples 5 and
6 suggest a distribution of Eu3+ ions in diﬀerent sites, reflect-
ing diﬀerent Eu coordination numbers and numbers of L1
ligands attached to Eu. This suggestion is further supported by
the similarity of these spectra with that of MCM-41 exposed to
EuCl3 and L1, without prior grafting of the solid surface
(Fig. 9f). In the latter case, there is no control of Eu3+ ligand
selectivity or coordination numbers and the inhomogeneously
broadened emission lines observed in sample 8 reflect this
Fig. 6 13C{1H} CP-MAS NMR spectra of (a) sample 5 (before washing with ethanol), (b) sample 5 (after washing with ethanol) and (c) sample 6. *:
MAS spinning sidebands, +: solvent impurities (DMF, methanol, ethanol).
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scenario. These hypotheses are in perfect agreement with the
results of excited state lifetime analysis. Fig. 10 presents the
luminescence decay curves and Table 2 summarizes the corres-
ponding average excited state lifetimes obtained by fitting the
curves with single exponential functions. As expected, the fully
coordinated Eu(L1)3 complex presents the longest lumines-
cence lifetime (2.5 ms) whereas the other samples, in which
Eu3+ is also coordinated by water molecules (a well known
quencher of lanthanide ion emissions), exhibit lower values.
Again, it is interesting to note that going from sample 5 to
sample 6 there is an increase in the average lifetime due to the
exchange of some H2O by L1 molecules in the coordination
sphere of Eu3+, indicating that completion of the Eu coordi-
nation sphere was at least partially accomplished. Our results
with an excited state lifetime of 1.40 ms for 6 are rather
remarkable when compared to the values found for Eu com-
plexes immobilized in various crystalline or amorphous meso-
porous silica hosts12–15 (typically about 0.5 ms). This rather
long luminescence lifetime probably results from a combi-
nation of (a) favorable ligand properties, (b) OH-group removal
from the surface (by the HMDSA treatment) and (c) the
success of the experimental strategy used here, even though
the step 5 →6 is likely to be incomplete, resulting in a distri-
bution of europium environments. Incomplete Eu local coordi-
nation will also occur with those bipyridine dicarboxylic acid
ligands that form two amide linkages to two diﬀerent APTES
anchoring groups (see the above discussion of the peak inten-
sity ratio of the 165 to the 171 ppm resonance). With such
doubly anchored ligands, no carboxylic acid moiety will be
available for Eu coordination, resulting in a coordination
number of eight, rather nine, even if the transformation 5 →6
goes to completion. It is likely that such Eu species bind
additionally to an H2O ligand, which will aﬀect γ and shorten
Fig. 8 Room temperature absorption spectra of the complexes Eu(L1)3
(a), Eu(L1)2 (b), Eu(L2)2
− (d), and respective ligands L1 (c), and L2 (e), in
10−5 M DMSO solutions.
Fig. 7 Magnetization buildup curves obtained in the course of saturation recovery experiments on samples 4 and 5: (a) overview, (b) Q(4) units, (c)
T(3) units, and (d) M(1) units. Note the accelerated magnetization recovery observed for the latter two species.
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excited state lifetimes. Species of this kind may contribute to
the considerable disorder evident in the emission spectra and
account for the fact that τ of 6 is significantly shorter than that
of the pure Eu(L1)3 complex.
Conclusions
Mesoporous silica MCM-41 was functionalized using APTES
und HMDSA, and further processed to covalently attach a
bipyridyl di-carboxylic acid ligand. Exposure of this material to
EuCl3 solution and subsequent addition of a monocarboxylic
acid ligand was performed in an attempt to assemble and per-
manently immobilize the 9-coordinated complex Eu(L1)3 in the
pore walls of MCM-41. The solid state NMR methods were suit-
ably used to monitor all the reaction steps in a quantitative
manner. The combined analysis of structural properties
via NMR, with photophysical characterization of the final
materials and of model complexes and control samples,
allowed a comprehensive description of this system. It is con-
cluded that although the double functionalization and coordi-
nation of the Eu3+ with the ligands anchored on the surface of
MCM-41 were successful, completion of the coordination
sphere by subsequent addition of a monocarboxyl ligand was
Fig. 9 Excitation (dashed line, λem = 618 nm) and emission (solid line, λexc = 320 nm) spectra of (a) Eu(L1)3, (b) Et3NH[Eu(L2)2], (c) sample 5, (d)
sample 6, (e) MCM-41 impregnated with EuCl3 (sample 7) and (f ) MCM-41 impregnated with EuCl3 followed by addition of L1 (sample 8).
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probably not fully accomplished in a homogeneous manner.
Nevertheless, with the proof of concept established, further
investigations towards optimizing the photophysical properties
of these materials are warranted.
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